The downstream targets of amyloid β (Aβ)-oligomers remain elusive. One hypothesis is that Aβ-oligomers interrupt axonal transport. Although previous studies have demonstrated Aβ-induced transport blockade, early effects of low-n soluble Aβ-oligomers on axonal transport remain unclear. Furthermore, the cargo selectivity for such deficits (if any) or the specific effects of Aβ on the motility kinetics of transported cargoes are also unknown. Toward this, we visualized axonal transport of vesicles in cultured hippocampal neurons treated with picomolar (pM) levels of cell-derived soluble Aβ-oligomers. We examined select cargoes thought to move as distinct organelles and established imaging parameters that allow organelle tracking with consistency and high fidelity -analyzing all data in a blinded fashion. Aβ-oligomers induced early and selective diminutions in velocities of synaptic cargoes but had no effect on mitochondrial motility, contrary to previous reports. These changes were N-methyl D-aspartate receptor/glycogen synthase kinase-3β dependent and reversible upon washout of the oligomers. Cluster-mode analyses reveal selective attenuations in faster-moving synaptic vesicles, suggesting possible decreases in cargo/motor associations, and biochemical experiments implicate tau phosphorylation in the process. Collectively, the data provide a biological basis for Aβ-induced axonal transport deficits.
Available evidence strongly implicate amyloid-β (Aβ)-oligomers in the pathogenesis of Alzheimer's disease (AD) -key features of which include learning/memory deficits and synaptic losses (1) . Although the known effects of Aβ-oligomers on synaptic plasticity provide a basis for the memory deficits, these alterations cannot readily explain the widespread loss of synapses seen in AD brains upon autopsy. One hypothesis is that Aβ-induced inhibition of axonal transport can diminish the delivery of cargoes to synapses, eventually leading to synaptic losses (2) . This notion is also supported by the presence of focal neuritic accumulations -'dystrophic neurites' representing axonal transport impairmentsthat are commonly seen around dense-core Aβ-plaques.
Several studies have evaluated axonal transport in the presence of Aβ. Such studies have typically used high (micromolar) levels of synthetic Aβ, applied to cultured neurons for prolonged periods, resulting in dramatic and irreversible interruptions of transport frequencies (or flux) -often a near-complete stoppage of transporttrue for a variety of cargoes including generic vesicles, mitochondria and markers of dense-core vesicles (3) (4) (5) (6) . Such global and irreversible impairments in trafficking evoke the possibility that Aβ may induce non-specific damage to axonal transport in these experimental settings; especially pertinent given its well-known cytotoxic nature. Another recent study perfused Aβ-oligomers in isolated squid axons that resulted in alterations of vesicular transport velocities, and also biochemically demonstrated a diminution of cargo-motor associations in this setting (7) . However, the role of intracellular Aβ in AD is controversial (8) , and the pathologic events underlying transport deficits in a mammalian system are still not fully resolved.
Toward this, we designed unbiased experiments to evaluate early effects of picomolar cell-derived extracellular Aβ-oligomers on the axonal transport kinetics of various cargoes. We optimized imaging parameters in cultured hippocampal neurons to quantify transport dynamics with high fidelity and analyzed the data with cluster-mode modeling. Soluble Aβ-oligomers induced diminutions in velocities of synaptic cargoes, but with no effects on mitochondrial motility, unlike previous reports (4) (5) (6) . Interestingly, our modeling data suggest Aβ-provoked diminutions in the attachment/activation of motors to mobile vesicles, as suggested by Pigino et al. (7) , and also implicate tau in this process.
Results

Experimental design and high-resolution imaging of axonal transport
The experimental strategy is outlined in Figure 1A . Days in vitro 14 , and the data were analyzed by an observer blinded to the experimental conditions. In some experiments, inhibitors of NMDA-R or GSK-3β were added as described in the text. B) To evaluate the effects of cell-derived Aβ-oligomers on spines, cultured neurons were incubated with 7PA2-CM (containing 200 pM Aβ-42) or CHO-CM (0 pM Aβ-42), and spine morphology was analyzed using established criteria (see Materials and Methods). Note that Aβ-treatments led to a decrease in spine densities that was rescued by the NMDA-R inhibitor MK801. n ≈ 1100-1500 spines, *p < 0.05; **p < 0.01; ***p < 0.001; one-way ANOVA followed by Dunnet's post hoc test. C) Distribution of raw synaptophysin transport data points in 25 axons. Note that though there is an intrinsic variability in the instantaneous velocities of particles moving within a given axon (mean ± standard deviation for each axon is also shown), the overall range of velocities is similar across multiple axons (also note the overall differences in anterograde versus retrograde transport).
were treated with picomolar levels of cell-derived Aβ-oligomers (see below), and axonal transport of various transfected cargoes was imaged at a high temporal resolution (upto 5 frames/second) in primary axons. The cell-derived Aβ-oligomers used here have been well characterized and has been used in many previous studies (9, 10) . Briefly, these oligomers are naturally secreted in the conditioned medium of Chinese hamster ovary (CHO) cells stably transfected with the V717F [amyloid precursor protein (APP)] mutation (also called the 7PA2 cell line). The 7PA2 cell line secretes high levels of soluble monomeric/small oligomeric-Aβ, with no insoluble aggregates (11) , and the oligomeric species are thought to be similar to those found in human AD brains (12 First, we evaluated effects of cell-derived Aβ-oligomers on spines. Neurons were incubated with oligomeric-Aβ (200 pM Aβ-42, measured by enzyme-linked immunosorbent assay (ELISA) -see Materials and Methods), and spines were quantified using established procedures (13) . As shown in Figure 1B , treatment of neurons with 7PA2-media for 2 h reduced overall spine densities that were rescued by an N-methyl D-aspartate receptor (NMDA-R) inhibitor as reported previously (9) . As 2 h is one of the earliest time-points at which spine changes occur in this system (9), we chose to first evaluate axonal transport at 2 h as well. We also optimized our transport imaging, adopting a strategy involving short-term imaging with high frame rates that allowed us to image fast-moving cargoes with optimal fidelity in these mature cultures (see Materials and Methods for details and Movies S1-S3). Only primary axons, unequivocally identified as emerging from the soma, were imaged. Although particles in a given axon expectedly moved at a range of velocities (for a given cargo), the data range using these experimental parameters were quite consistent across different axons within a coverslip as well as axons from different culture sets (see raw velocity data distributions in Figure 1C ), providing confidence in the validity of our approach.
Effects of soluble Aβ-oligomers on axonal transport
We evaluated axonal transport of three selected cargoes -synaptophysin, bassoon and mitochondria -as previous studies suggest that they represent distinct transport organelles. Specifically, while several synaptic transmembrane proteins are cotransported as pleomorphic tubulovesicular 'synaptic vesicle precursors' (SVP) or 'transport packets'; components of dense-core vesicles (piccolo, bassoon, RIM, etc.) are conveyed as distinct carriers called piccolo transport vesicles or PTV (14) -also reviewed in (15) . Thus, we reasoned that synaptophysin and bassoon may serve as fiduciary markers for SVP/PTV respectively, allowing us to sample a range of synaptic cargoes. We also evaluated mitochondrial transport as previous studies have reported inhibition of mitochondrial transport upon treatment with synthetic Aβ (4-6). Average velocities of both synaptic cargoes were selectively diminished upon Aβ-treatment, with no detectable changes in mitochondrial transport (Figure 2A -C; also see composite transport data in Table 1 ).
Importantly, transport frequencies of all cargoes were unchanged upon Aβ-treatment ( Table 2 ), indicating that the low levels of cell-derived Aβ-oligomers did not result in a generic blockade of transport frequencies. The Aβ-induced transport inhibition of bassoon/dense core vesicle (DCV) was bidirectional, whereas only anterograde synaptophysin/SVP velocities were diminished. Although the retrograde inhibition of DCV is interesting, in this study, we focused our attention on effects of Aβ upon anterograde transport kinetics. Anterograde run lengths of synaptophysin cargoes were also inhibited by Aβ, with diminishing trends in run lengths of bassoon cargoes as well ( Figure 2C , bottom). Transport abnormalities of synaptophysin cargoes was abrogated upon incubation with Aβ-immunodepleted 7PA2 media (see Materials and Methods), indicating that these deficits were specific for Aβ (data not shown).
Rescue/recovery of transport deficits by NMDA-R and GSK-3β inhibitors and oligomer washout Aβ-mediated changes in synaptic plasticity are thought to be mediated via an NMDA-R-and glycogen synthase kinase-3β (GSK-3β)-dependent mechanism (16) , and a recent study showed that transport deficits induced by synthetic Aβ-oligomers were partially rescued by NMDA-R/GSK-3β inhibitors (5) . Accordingly, we next asked whether the transport deficits seen in our system were also mediated via this pathway. Neurons were coincubated with 7PA2-CM as well as the NMDA-R inhibitors MK801 (or DAP-5) for 2 h, and axonal transport was analyzed. Indeed, these treatments rescued the synaptophysin transport deficits. All impairments in synaptophysin and bassoon were also rescued by the selective GSK-3β inhibitor GSK-VIII (Fig. 3A,B ).
To our knowledge, no transport study has demonstrated reversibility of Aβ-induced transport deficits upon clearance of Aβ; rather, when reported, synthetic Aβ-oligomers induce irreversible transport blockade (3). As axonal transport is exquisitely sensitive to changes in neuronal physiology (our empiric observations), this issue is important to preclude potential non-specific and irreversible toxic effects of Aβ-oligomers that may result in a generic transport blockade. Accordingly, we incubated neurons with 7PA2-media for 2 h, transferred them into a medium containing fresh (Aβ-free) media for another 22 h and then visualized synaptophysin transport -appropriate controls were run in parallel (see experimental design in Figure  4A ). Washout of the oligomers rescued all Aβ-induced Note that there are no detectable changes in mitochondrial transport (see Table 1 for numerical data). Transport frequencies were similar in all groups (see Table 2 for numerical data). n ≈ 300 -500 moving particles analyzed for each cargo, from at least two separate sets of cultures. *p < 0.05; **p < 0.01; ***p < 0.001; unpaired t-test. Means reported as averages ± standard error. *p < 0.05 compared with CHO; **p < 0.01 compared with CHO; ***p < 0.001 compared with CHO. 
Specific attenuation of faster velocity peaks by soluble Aβ-oligomers
What are the specific effects of Aβ-oligomers on cargo motility? Although previous studies have reported global Aβ-induced impairments in transport frequencies (3) (4) (5) (6) , the specific effects on axonal transport kinetics have not been examined. Our optimized imaging parameters captured transported cargo kinetics with high fidelity and allowed us to address this issue in our studies. We first statistically determined the modes (peaks) of average velocity distributions in control (CHO) and Aβ-treated (7PA2) axons using established cluster-mode analysis algorithms (17, 18) . Essentially, these algorithms automatically assign single or multiple Gaussians to data distributions in an unbiased fashion, solely based on the clustering of raw data points (see Materials and Methods for details and Figure S1A ). Neurons were coincubated with 200 pM oligomeric-Aβ (7PA2) and the NMDA-R inhibitor MK-801 (or the selective GSK-3β-inhibitor GSK-VIII) for 2 h, and axonal transport of synaptophysin and bassoon cargoes was analyzed. A) Representative kymographs from controls (CHO) and drug-treated axons reflect the similarity of transport kinetics between the groups. B) All Aβ-induced deficits in axonal transport velocities were completely rescued by the drug treatments (see Table 1 for numerical data). A caesin kinase (CK) inhibitor (7) also rescued the transport deficits. n ≈ 500-900 moving particles analyzed for each cargo, from 2 to 4 separate culture sets. *p < 0.05; **p < 0.01; ***p < 0.001; one-way ANOVA followed by Dunnet's post hoc test.
Interestingly, the average anterograde velocity distribution of synaptophysin and bassoon was non-normal and best fitted by a two-Gaussian distribution with approximate peaks of 1× and 2× periodicity (Figures 5A and S1A). What do these multiple 'velocity peaks' represent? Previous studies on vesicle transport with nanometer resolution have also reported multiple spikes in average cargo velocities with approximately regular periodicity (19, 20) . Such multiple peaks are also seen in a variety of other model systems (21, 22) . Although the underlying reasons for such 'velocity peaks' is controversial (see below), some studies have attributed them to a quantitative gain or loss of active molecular motors on vesicular cargoes during transit within a viscous cytoplasmic environment (19) .
Such a gain/loss of motor activity could arise either due to a change in the number of motors physically attached to cargoes or due to altered activation of associated motors with no changes in motor numbers (19) (20) (21) (22) . However, it is important to note that this interpretation is not universally accepted, and some studies have failed to see multimodal velocity peaks despite rigorous quantitative analyses (23) .
Intriguingly, however, incubation with Aβ-oligomers for 2/24 h led to a clear diminution of the second (faster) peaks ( Figure 5A ,B, top rows) of synaptophysin cargoes, resulting in significant Aβ-induced changes of waveform proportions between the CHO/7PA2 groups (p = 0.010) Table 1 for numerical data). n ≈ 500-600 moving particles analyzed for each cargo, from two separate culture sets. *p < 0.05; **p < 0.01; ***p < 0.001; unpaired t-test.
and p << 0.001 for 2/24 h, respectively (see Materials and Methods for statistical details). These diminutions were largely offset upon treatment with GSK3β inhibitors ( Figure  5A ,B, bottom rows), as well as upon incubation with the NMDA-R inhibitors MK801 and DAP-5 ( Figure S1B) . A similar diminution of faster velocity peaks -albeit somewhat lesser in magnitude -was also seen in anterograde bassoon transport ( Figure 6A , top panels), that was also offset by incubation with the GSK-3β-inhibitor ( Figure 6A , bottom panels); however, velocity peaks of mitochondrial transport were unimodal ( Figure  6B ). These data indicate that Aβ-oligomers induce a selective diminution of faster-moving synaptic vesicles. Following the arguments above, one interpretation of these data is that low-n soluble Aβ-oligomers may result in attenuated association/activation of vesicular cargoes to motors. To further explore this issue, we biochemically evaluated levels of kinesins associated with vesicles -incubating neurons with Aβ-oligomers and immunoblotting cell lysates with synaptophysin and kinesin antibodies. However, we could not detect significant reductions in the protein levels of kinesin heavy or light chains (data not shown). Notably, there were clear increases in phosphorylated tau levels upon incubation with Aβ-oligomers with no changes in total tau, as shown in Figure 7A ,B.
Discussion
Although previous studies have shown that Aβ peptides can induce axonal transport deficits, the effects of extracellular, low-n Aβ-oligomers on mobile cargoes have not been explored. Moreover, all studies to date have demonstrated global deficits in all examined cargoes, and the cargo selectivity of such transport deficits (if any) or the specific effects of Aβ on cargo kinetics is unknown. In this study, we evaluated effects of low-n soluble Aβ-oligomers on axonal transport of rationally selected cargoes with high temporal resolution. Aβ-oligomers resulted in specific impairments in transport velocities and run lengths of synaptic cargoes, but with no changes in mitochondrial motility, unlike previous reports. These impairments were mediated via an NMDA-R/GSK-3β-dependent pathway and were also reversible upon Aβ removal. Cluster-mode modeling of velocity data and biochemical studies indicate that Aβ-oligomers lead to selective impairments of faster velocity peaks, but levels . CHO/7PA2 overlaid curves shown on right. Note that velocity histograms display bimodal peaks with approximate 1× and 2× periodicities that are best fitted by a two-Gaussian function. A) Incubation with 7PA2-media for 2 h resulted in a diminution of the second (2×, faster) peak with expected increases in the relative proportions of the first (1×, slower) peak (top panels, cf. overlaid curves on right). Note that these changes are offset upon GSK3β-inhibition (bottom panels, cf. CHO/7PA2 overlaid Gaussian curves on right). B) Incubation with 7PA2-media for 24 h also resulted in similar attenuation of faster (2×) velocity peaks in the 7PA2 group (cf. CHO/7PA2 curves on top right). As mentioned above, these changes were offset by GSK3β-inhibition (cf. CHO/7PA2 curves on bottom right). Boxes on right show statistics: % areas underlying peak-1/peak-2 (pk1/pk2) and statistical comparison of the relative proportions of the peaks in the CHO/7PA2 groups highlight the 7PA2-mediated alterations of the velocity curves (p < 0.05 considered significant, Chi-square test, see Materials and Methods). of motor proteins remain unchanged, suggesting that Aβ-oligomers may ultimately lead to diminished activation of molecular motors associated with vesicles.
Use of low-n soluble Aβ-oligomers to evaluate axonal transport
Previous studies evaluating axonal transport in the presence of Aβ have typically incubated cultured neurons with micromolar amounts of synthetic Aβ, resulting in dramatic reductions of transport frequencies (or flux) of all moving cargoes -typically an almost complete transport blockade (3) (4) (5) (6) . Although these studies indicate that Aβ impairs transport, a reduced overall flux could also result from Aβ-induced non-specific toxicity (e.g. defects in vesicle biogenesis or endoplasmic reticulum to Golgi transport induced by Aβ) that would also impair axonal transport. Moreover, when reported, transport deficits induced by synthetic Aβ are irreversible (3), again invoking were incubated with CHO or 7PA2 (1 nM Aβ-42) media for 24 h, and levels of total tau and phospho-tau were detected by western blotting. Significant increases were seen in phospho-tau levels, as shown in the representative blots (A) and quantification (B). Data represent six separate cultures from three independent experiments (p < 0.05, t-test).
issues related to generic Aβ-related toxicity. It should be noted that the Aβ-42 levels in our studies is 200 pM, the minimal amount that results in synaptic toxicity in our system [see Figure 1 and also Ref. (9)]. However, synthetic Aβ levels used in previous transport studies are in the micromolar range (3-6). These differences are several orders of magnitude apart, and it seems reasonable to imagine that the high levels of Aβ used in prior transport studies would lead to some amount of non-specific toxicity that would secondarily affect axonal transport.
Toward this, we designed experiments using low levels of cell-derived Aβ-oligomers and visualized transport using optimized imaging parameters that allowed us to clearly visualize and quantify mobile particles (Movies S1-S3). These oligomers have been used by many previous studies and largely consist of low-n dimers and trimers (10, 11) . Importantly, these experimental conditions did not result in significant blockade of overall transport frequencies (Table 2) but instead led to a diminution in the velocities of selected cargoes. Also, these changes were reversible upon Aβ removal, indicating a discrete and specific effect of Aβ on the transport machinery moving vesicular cargoes.
Cargo selectivity of Aβ-induced transport deficits
We found that low-n Aβ-oligomers do not result in global transport deficits as previously reported. Specifically, while transport of SVP/PTV synaptic cargoes was affected, transport parameters of mitochondria remain unchanged (no diminution of mitochondrial transport was seen even after 24 h of 7PA2 incubation -data not shown). Notably, mitochondrial transport dynamics are somewhat different from that of other cargoes. Kinesin heavy chains are reported to directly associate with mitochondria (24) , and run lengths of mitochondria are also several fold higher than synaptic cargoes ( Figure 2C) , suggesting that the motors may be continuously engaged to mitochondria for very long periods. As our modeling data ( Figures 5 and 6 and see Discussion below) suggest that Aβ-oligomers may lead to decreased cargo-motor engagement, one possible explanation for a lack of inhibition of mitochondrial transport is that such Aβ-induced transport defects are most pronounced for synaptic (and possibly other) cargoes that have a greater rate of cargo attachment/detachment; but more continuously engaged cargoes such as mitochondria are relatively spared.
These data raise the question whether the Aβ-induced inhibition of mitochondrial motility as reported by other studies are a result of generic Aβ toxicity. Finally, we note that although previous studies have shown that similar treatments with picomolar Aβ-oligomers (7PA2 media) lead to electrophysiologic changes (9), it is difficult to establish a cause and effect relationship of the transport interruptions seen in our studies with known Aβ-induced functional deficits.
Aβ-oligomers may diminish activation of multiple motors associated with mobile cargoes
The temporal resolution of our transport studies allowed us to dissect effects of Aβ-oligomers on cargo kinetics. Specifically, histograms of velocity distributions of synaptophysin could be best fitted by two-Gaussian peaks with approximate 1× and 2× periodicity ( Figures S1A and 5, 6 ). Similar multimodal peaks have also been reported in other studies that have examined transport kinetics with high resolution (19) (20) (21) , and one interpretation is that different vesicle populations are transported by differing copy numbers of a given motor protein, moving in a viscous environment (19) . Alternatively, in a cellular environment, the number of attached motors to vesicles may remain the same, but some motors may be selectively activated. Indeed, it is generally accepted that multiple (but a small number) of motors are responsible for moving individual cargoes (25, 26) . However, as noted above, such velocity peaks are not universally seen, and the above interpretation of velocity peaks has been questioned on these grounds (23) . Although our studies are indirect and do not address this controversy in any way, perhaps the presence/absence of peaks may depend on the nature of the cargo examined and/or the assortment of associated/activated motors.
Nevertheless, it is interesting that Aβ-oligomers resulted in a selective diminution (flattening) of the higher velocity peak of synaptophysin ( Figure 5 ) that was abrogated either by treatment with a GSK-3β inhibitor or by NMDA-R blockade (Figures 5 and S1B ). If indeed these faster velocity peaks represent incremental association/activation of motors to vesicles as suggested by the above studies, one interpretation is that Aβ-oligomers either lead to a physical diminution in the attachment of motors to cargoes or lead to a reduced activation of motors that are already attached to vesicles. Toward the former, GSK-3β activation can phosphorylate (and detach) kinesin light chains from vesicles, resulting in slowing/stalling of transported cargoes (27) and such a mechanism could potentially explain our transport deficits. Alternatively, it is also possible that the association/activation of motors is influenced by an (Aβ-mediated) increase in tau levels (28, 29) . We could not detect any significant change in the protein levels of kinesin heavy and light chains (normalized to synaptophysin levels) in 7PA2-treated neurons compared to controls; however, there were clear increases in relative levels of tau phosphorylation (but not total tau) in our system (Figure 7 ). Recent studies in cultured neurons also implicate Aβ-induced increases in tau phosphorylation as the harbinger of Aβ-related neuritic pathology (30, 31) , and our data support this notion. Thus, in aggregate, these data suggest that Aβ-induced changes in transport may be mediated via selective deactivation of motors already associated with cargoes; however, more focused work is needed to clarify these issues.
The purpose of this study was to evaluate the early effects of picomolar levels of low-n soluble Aβ-oligomers on mobile cargoes, using a rational experimental approach.
Although the precise consequence of these transport disruptions on the pathogenesis of AD in vivo remains to be established, we note that the relatively modest transport deficit seen in our experiments (about 20% diminution) is perhaps a more reasonable pathologic substrate of a slowly progressive disease like AD, as opposed to the dramatic and abrupt transport interruptions seen when using Aβ levels that are several orders of magnitude higher than the picomolar to low nanomolar levels reported in the brains of AD patients (32) or AD mouse models (33) .
Materials and Methods
Plasmids and reagents
DsRed-mitochondria was obtained from Clontech; synaptophysin: monomeric red fluorescent protein (mRFP) and bassoon:green fluorescent protein (GFP) were gifts from Leon Laganado (MRC) and Craig Garner (Stanford). The specific GSK-3β-inhibitor VIII (AR-A014418) was from Calbiochem. Specificity has been shown using a panel of 28 different kinases including Cdk2 and Cdk5. MK-801 was from Sigma and D-AP5 was from Tocris Biosciences.
Hippocampal cultures, transfections
Primary hippocampal neurons were obtained from postnatal (P0-P1) CD-1 mice as described previously (34) . Briefly, dissociated cells were plated at a density of 50,000 cells/cm 2 in poly-D-lysine coated (1.0 mg/mL) glass-bottom culture dishes (MatTek). Cultures were maintained in Neurobasal/B27 media (Invitrogen) supplemented with 0.5 mM glutamine. For axonal transport experiments, DIV 12-14 cells were transfected (Lipofectamine) with the respective constructs as well as a soluble GFP or mRFP marker. This allowed clear visualization of the dendritic and axonal morphology and allowed us to selectively evaluate transport in primary axonal shafts only. Only neurons where the morphology of the primary axon was favorable, and could be unequivocally traced as emerging from the cell body, were used for transport imaging [also see Ref. (35) for generic details of transport imaging]. All imaging studies were performed 17-24 h posttransfection, and low expressers were selected for all transport imaging. Animal studies were performed in accordance with University of California guidelines.
Preparation of cell-derived Aβ-oligomers
Aβ-oligomers were obtained from the CM of CHO cells expressing the V717F mutation in the APP, essentially as described before (11, 9) , with the exception that a Hibernate-E-based 'live-imaging media' was used as the conditioning medium (36) . Briefly, transfected/untransfected CHO cells were grown to confluency, and the 'live-imaging medium' was conditioned by incubation with the CHO cells for 16 h. Media was then cleared of debris (200 × g, 10 min at 4
• C), flash-frozen in aliquots and stored at −80 • C. This was diluted in the 'live-imaging medium' to a final concentration of 200 pM before application. The total Aβ concentration was established by ELISA using the monoclonal antibody Ab9 as capture (37) and biotin-coupled 4G8 (Signet Labs) as reporter.
Microscopy and live imaging
All time-lapse movies and dendritic spine images were acquired using an Olympus IX81 inverted epifluorescence microscope equipped with a Z-controller (IX81, Olympus), a motorized X-Y stage controller (Prior Scientific) and a fast electronic shutter (SmartShutter). Images were acquired using an ultra-stable light source (Exfo exacte) and highperformance CCD cameras (Coolsnap HQ 2 , Photometrics). For live imaging, neurons were transferred to a Hibernate-E-based 'live-imaging' media (with the appropriate conditioned medium from CHO or 7PA2 cells) and imaged at 35-37
• C, maintained with an air-curtain incubator (Nevtek) mounted on the microscope. All images were acquired using METMAMORPH software (Molecular Devices) and processed using either METAMORPH or IMAGE J. Movies of synaptophysin and bassoon were acquired at 5 frames/second and 200-millisecond exposure (with no interval between frames) using the 'stream acquisition' mode in METAMORPH. Each axon was imaged for a total of 15 seconds, with no neutral-density filters in the light path. Such high time-compression/low-duration imaging parameters enabled clear visualization of all moving particles and vastly enhanced the quality of the data set, allowing us to analyze these particles from kymographs. Mitochondrial images were acquired at 1 frame/3 seconds and ≈200-400-millisecond exposure. As mitochondrial velocities are much slower and the transport is infrequent, these parameters are expected to reveal all mitochondrial dynamics (38) . For dendritic spine imaging, DIV 17-21 neurons were transfected with soluble GFP and treated with CHO/7PA2 for 2 h. GFP-positive spines were analyzed using Z-series imaging followed by deconvolution (Huygens) as described previously (34) .
Image analysis
Transport was analyzed from kymographs by an observer blinded to the experimental conditions. Kymographs were generated in METAMORPH, and segmental tracks were overlaid on the kymographs using a line tool. The resultant velocity data (distance/time) was obtained for each track. The high temporal resolution and short imaging duration generated high-fidelity kymographs that had limited numbers of mobile particles, making such analyses feasible. When needed, kymographs were also stretched along the y-axes using 'stretch and mirror' to facilitate track visualization; all tracks were saved as '.rgn' files in METAMORPH. All uninterrupted tracks that displayed a minimum velocity of 0.32 μm/second and minimum run length of 0.72 μm were analyzed. These criteria were applied throughout the study. Particles that remained immobile for the duration of the imaging period were considered as stationary. Frequencies of particle movements were determined by dividing the number of individual particles moving in a given direction by the total number of particles in the kymograph. Routine statistical comparisons were performed using PRISM software (Graphpad) using the Student's t-test (for comparing two groups) or one-way ANOVA (for comparing multiple groups). Spines were analyzed by observers blinded to the experimental conditions, using previously established morphologic criteria (13) .
Cluster-mode analyses
Predicted Gaussian modes were fitted using the MCLUST package in the R statistical computing environment (17, 18) with parameter estimation of mean velocity peaks, and standard deviations by maximum likelihood [(17,18 ) and see Figure S1A ]. The raw velocity distributions of synaptophysin and bassoon (as determined by the software) were nonnormal and were best fitted by a two-Gaussian distribution. For comparing the CHO and 7PA2 data sets, relative proportions of the two peaks classified as slow or fast (classified as the first or second velocity modes) were statistically evaluated using a one-way Chi-square test. A p value of <0.05 indicated dissimilar peak proportions.
Biochemical assays
Cultured neurons were lysed in buffer containing 50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 2 mM EDTA, 1% n-dodecyl-β-D-maltoside and protease inhibitors (Sigma). Twenty micrograms of proteins from the postnuclear supernatant fraction was used for SDS-PAGE and western blotting using routine protocols. Immunoprecipitation (IP)/immunodepletion of Aβ from 7PA2 medium was done, following the protocol described by Shankar et al. (10) . Briefly, 2 mL of 7PA2 and CHO-CM were precleared with 25 μL of protein A and 25 μL of protein G resin for 1 h at 4
• C and collected the supernatant after centrifuging at 3500 × g for 5 min. Precleared media were incubated with IP antibody 21F12 (3 μg/mL, gift from Elan Pharma) plus 15 μL protein A and 15 μL protein G resin for 3 h at 4
• C with gentle shaking on a nutator. Supernatant was collected after centrifuging at 3500 × g and used as immunodepleted media for cell culture experiments. Depletion of Aβ from the immunodepleted media (collected after the first IP) was confirmed by performing a second IP using the same protocol and probing with 6E10 antibody (Covance).
Supporting Information
Additional Supporting Information may be found in the online version of this article:
Figure S1: Cluster Mode Analyses. A) The velocity data distribution is best fit by two peaks. The Bayesian information criterion (BIC) was used to determining the maximized log likelihood for number of clusters in a model. This function is available in the MCLUST package in the R statistical computing environment (see Materials and Methods). Note that for both synaptophysin and bassoon cargoes, the BIC is maximized at n = 2 clusters, indicating that the existence of two distinct groups of particle velocities is the most probable scenario in these settings. B) Rescue of synaptophysin transport deficits upon NMDA-R inhibition. Average velocity distributions of cargoes with best Gaussian fits are shown. Note that the velocity distributions of synaptophysin transport in neurons treated with the NMDA-R inhibitors MK801 and DAP5 resemble the profiles from control neurons (compare black/red overlaid curves on right), indicating that the Aβ-induced transport deficits were abrogated by these treatments.
Movie S1: Axonal transport of synaptophysin. Neurons were transfected with synaptophysin:mRFP (and soluble GFP to identify axons), and transport was analyzed at 5 frames/second using 'stream imaging' parameters as described in Materials and Methods. Anterograde is left to right. Elapsed time in seconds.milliseconds is shown on the lower left. Note that at this relatively high frame rate, a large number of moving vesicles can be unequivocally tracked, optimal for quantitative measurements. Scale bar = 5 μm.
Movie S2: Axonal transport of bassoon. Neurons were transfected with bassoon:GFP (and soluble mRFP or mCherry to identify axons), and transport was analyzed at 5 frames/second using 'stream imaging' parameters as described in Materials and Methods. Anterograde is left to right. Elapsed time in seconds.milliseconds is shown on the lower left. Note that at this relatively high frame rate, a large number of moving bassoon vesicles can be unequivocally tracked, optimal for quantitative measurements. Also, note that most mobile bassoon particles are globular in shape, somewhat different from the elongated or punctate synaptophysin particles (cf. Movie S1). Scale bar = 5 μm.
Movie S3: Axonal transport of mitochondria. Neurons were transfected with DsRed-Mito (and soluble GFP to identify axons), and transport was analyzed at 1 frame/3 seconds (see Materials and Methods). Anterograde is left to right. Elapsed time in seconds is shown on the lower left. Note that the timescale of imaging is much longer due to the infrequent nature of mitochondrial transport, compared to the other cargoes examined. Scale bar = 5 μm.
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